Abstract A better understanding of the consequences of spine surgery complications is warranted to optimize patientreported outcomes and contain the rising health care costs associated with the management of adult spinal deformity (ASD). We systematically searched PubMed and Scopus databases using keywords Badult spinal deformity surgery,B complications,^and Bcost^for published studies on costs of complications associated with spinal surgery, with a particular emphasis on ASD and scoliosis. In the 17 articles reviewed, we identified 355,354 patients with 11,148 reported complications. Infection was the most commonly reported complication, with an average treatment cost ranging from $15,817 to $38,701. Hospital costs for patients with deep venous thrombosis, pulmonary thromboembolism, and surgical site infection were 2.3 to 3.1 times greater than for patients without those complications. An effort to collect and characterize data on cost of complications is encouraged, which may help health care providers to identify potential resources to limit complications and overall costs.
Introduction
Approaches to clinical management of patients with adult spinal deformity (ASD) can be broadly categorized into nonoperative and operative care. Nonoperative care includes treatment approaches such as yoga, physical therapy (aerobic conditioning and core strengthening), stretching, chiropractic manipulation, acupuncture, use of pharmacologic agents, and use of spinal bracing. Excluding the use of pharmacologic agents, nonoperative care is typically associated with no major complications and is often considered the first line of treatment in asymptomatic patients or patients of poor general health with comorbidities contraindicated for surgery [1, 2] . Despite being associated with fewer complications, nonoperative care lacks scientific evidence supporting its efficacy. Patients receiving nonoperative care have reported no significant improvement in back and leg pain, self-image, mental health, health-related quality-of-life (HRQoL) measures, and overall satisfaction with their treatment compared to patients receiving operative care [3] [4] [5] .
The surgical modalities included in operative care may vary from decompression procedures to anterior-only, posterior-only, or combined anterior-posterior fusion in conjunction with decompression of neural elements to osteotomies [1, 2] . There is strong evidence that surgical treatment of ASD is significantly associated with improvements in patients' clinical outcomes and quality-of-life measures [5] [6] [7] [8] . The downside, however, of operative care is high complication rates, both major and minor. Some of the reported complications in the literature are hemorrhage, pseudoarthrosis, cerebrospinal fluid leaks, infection, neurological deficits, implant failure,
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Nasser et al., in a systematic review of 105 studies on complications in spine surgery containing data on 79,471 patients with 13,067 complications, reported an overall complication incidence of 16.4 % [10] . Other studies have reported an estimated 40 to 86 % complication rate occurring in adult patients undergoing scoliosis surgery [11, 12] . Studies report that complication rates tend to be significantly higher in older patients than in younger patients. Yet, older patients undergoing spine surgery for spinal deformities have demonstrated greater improvements in standardized measures of disability, pain, and HRQoL measures than younger patients [7, 13] . Scheufler et al. reviewed clinical outcomes and complications in 30 adult scoliotic patients and found that patients were satisfied with the surgical intervention at 1-year follow-up, despite the majority of patients having high major complication rates [14] .
Regardless of the complication rates associated with surgical treatment of ASD, there appears to be an increasing trend in the number of spine deformity surgeries and the costs associated with the treatment. For instance, the total number of spine deformity surgeries between 2000 to 2010 in Medicare patients increased by fourfold, average charge per inpatient stay increased more than 230 %, and total charges for spine deformity surgery increased by 16-fold from $56 million to more than $958 million [15] . Health economic research on ASD surgery has exploded in the past decade, providing tremendous insights on cost indices related to ASD surgery including index cost, direct cost, indirect cost, total cost after an extended period of follow-up, quality-adjusted life-years, or incremental cost/utility ratio [16] [17] [18] [19] . However, the cost of spine surgery complications and its impact on overall health care costs related to ASD surgery have received relatively little attention.
Given the increasing demographic shift towards an older population in the USA, an estimated 68 % prevalence of ASD in the elderly [20] and increases in both the number of ASD surgeries and their associated costs [15] , it is vital to understand the economic and clinical consequences of complications. Despite the fact that complications are nearly unavoidable in spine surgery and that complications will further increase health care costs, there is a conspicuous gap in the literature on the specific costs of spine surgery complications and the impact of such complications on health care resource utilization and overall costs. With the advent of the Bnever event^ruling from the Centers for Medicare and Medicaid Services (CMS), which states that certain hospital-acquired adverse events should never occur following spinal surgery, it is essential to examine the cost of spine surgery complications associated with ASD surgery [21] . Understanding the impact of such complications may enable optimization of clinical outcomes and offer new insights in controlling overall cost of care from hospital, patient, and societal perspectives. We therefore carried out a systematic review of the spine surgery literature to ascertain the costs of complications associated with spine surgery and weigh their impact on the overall cost of ASD surgery.
Methods

Inclusion criteria
For this systematic review, we considered clinical articles on surgical correction of spinal deformity in adult (>18 years) patients. We placed no restriction on the type of surgical procedure (anterior, posterior, combined, etc.), location of the surgery (thoracic, lumbar, or cervical), or when the complication occurred (intraoperative vs. postoperative). Studies needed to mention the type and number of complications associated with the surgical procedure. In addition, only the studies reporting costs of specific complications or additional increases in overall treatment costs (direct or indirect) due to complications were included in the review. We excluded cadaveric studies, case reports, and editorials.
Search strategy
The electronic reference databases PubMed and Scopus were queried using the key words Badult spinal deformity surgery,B complications,^and Bcosts.^The primary limits applied to our search strategy were BHumans^and BEnglish language articles.^There were no restrictions imposed on publication status or publication date. No attempt was made to solicit unpublished data. From our initial query, we identified 18 articles in PubMed and 40 in Scopus. The abstract and title of each article were reviewed based on our inclusion/ exclusion criteria and the full-text article was retrieved if the content was considered relevant to our study goals. This systematic screening resulted in 6 relevant articles. To ensure complete review, we checked the references of each of the 6 included articles and selected those cross-referenced articles that we deemed satisfactory based on our inclusion/exclusion criteria. A schematic representation of the search strategy is presented in Fig. 1 .
Results
From our search, we identified 17 articles that met our inclusion criteria. Table S1 provides a detailed description of the reviewed articles by authors, year of study, reported diagnoses or type of surgical procedure, number of patients in each study, number of reported complications, duration of study to measure the intended outcomes, type of cost metric measured, cost of specific complications, and overall costs associated with the treatment.
Characteristics of studies included in systematic review
Of the 17 studies included in the review [18, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [37] [38] [39] , two studies were prospective in design and the rest were retrospective studies. Only one study was conducted in Canada [22] . These articles were published between 1999 and 2016 and included a total of 355,344 subjects, with the number of subjects in each study ranging from 42 to 278,866. The lowest and the highest mean ages of the patients reported by the studies were 42.3 and 62.4 years. Average follow-up of the studies ranged from 30 days to 68 months. Eight studies reported only complications, six studies reported complications and revision surgeries, one study reported complications and adverse events, and two studies reported either adverse events or revision surgeries. The number of complications in each study ranged from 5 to 5402 with a total of 11,168 reported complications. The proportion of complications in each study ranged from 1.3 to 57.0 %, yielding an overall complication incidence of 3.13 %. Number of adverse events reported was 3367 and number of revision surgeries reported was 504. Direct costs (costs related 
Cost analysis-complications
Ten of the 17 reviewed articles reported costs related to medical or surgical complications occurring during either intraoperative or postoperative period. The most frequently reported complication was infection, specifically surgical site infections (SSIs). The average direct cost to treat a patient with an Binfection or SSI^complication ranged from $15,817 to $38,701. McGirt et al. reported the average direct cost to treat one SSI case as $15,817, which translates to a total direct cost of $4.6 million dollars in treating 292 SSIs [25] . Whitmore et al. reported an additional increase in treatment cost of $4067 to treat a wound infection [26] , while Godil et al. estimated infection-related costs per 100 spinal fusion to be $438,165 [27] . Three studies reported cost of complications by comparing treatment costs between infection and non-infection/control cohorts [24••, 27, 28] . In general, the additional increase in direct cost to treat a patient in the infection cohort was $6719 to $12,619 more than the direct cost to treat a patient in the control cohort. The advantage of such a comparison, in the context of using an intervention measure among treatment cohorts, is predicting the impact of complications on the overall costs. For instance, Godil et al. estimated that use of topical vancomycin powder to treat SSIs will result in a cost savings of $433,765 per 100 posterior spinal fusions [27] . Similarly, Theologis et al. demonstrated a cost savings of $244,402 per 100 thoracolumbar adult deformity procedures [28] . In contrast to infection versus non-infection comparisons, Patil et al. reported the effect of number of complications on the mean total hospital charges. The mean total hospital charges for an adult patient with 0, 1, 2, and 3 complications were $51,622, $68,100, $1.03 million, and $1.18 million, respectively [29] .
The average total costs of several other complications reported in the literature are as follows: (a) pseudoarthrosis-$76,695, (b) instrument failure-$66,838, (c) junctional failure-$42,766, (d) neurological/radiculopathy-$29,561, (e) medical complications-$26,622, and (f) pain complication-$20,947 [30] . The median inpatient charges reported for patients with deep venous thrombosis (DVT) was $607, 952 more compared to patients without DVT (3.1 times greater), while the median inpatient charges for patients with pulmonary embolism (PE) was $386,479 more compared to patients without PE (2.3 times greater) [31••] . Whitmore et al. reported an average increase in direct cost of $7233, $6968, and $4537 for pulmonary complication, instrument malposition, and new neurological deficit, respectively. Likewise, Nandyala et al. reported that the additional increase in mean total hospital costs to treat a patient with cervical durotomy or lumbar durotomy complication was $7638 and $2412, respectively [32] .
Cost analysis-revision surgeries
Five studies reported cost due to revision surgeries. Revision surgeries were due to symptomatic lumbar disc herniation or recurrent stenosis. One study did not report the reason for revision surgery. The average direct cost of revision surgeries ranged from $26,593 to $86,673. Ambrossi et al. reported the estimated cost of recurrent disc herniation per 100 cases of first-lumbar discectomy to be approximately $289,797 [33] .
Cost analysis-adverse events
Hellsten et al. reported the incremental dollar cost to treat a patient based on the severity grade of adverse events (AEs). The severity grades were defined as follows: grade 1-requires no/minimal treatment, grade 2-requires treatment and is not likely to cause long-term (>6 months) sequelae, grade 3-requires treatment and is most likely to cause longterm sequel, and grade 4-death. The mean cost per discharge for cases with AEs was 50 % more than discharge costs of cases without AEs. The incremental dollar cost to treat a patient with AE severity grade 1 to grade 3 increased from $4224 to $147,285. This exponential increase translates to a 6.5 times total increment in dollar cost of $0.66 million for AE severity grade 1 to $4.27 million for AE severity grade 3 over a 4-year period [22] .
Cost analysis-indirect costs
The impact of complications was also reported in terms of indirect costs. Kuhns et al. reported that infection following dorsal cervical fusion surgery was associated with an additional increase in indirect costs of $3739 compared to patients without infection. In the same study, the authors reported that presence of infection was associated with an additional 23 days of lost wok [ 
Discussion
The purpose of this systematic review was to identify the cost of complications occurring during the surgical treatment of ASD or scoliosis from the spine surgery literature. We also sought to determine the extent to which the cost of these complications impacts overall costs, including direct or indirect costs.
Although surgical correction of ASD is cost-effective and improves quality-of-life and clinical outcomes compared to nonoperative treatment, it is nonetheless associated with complications. In the setting of increasing health care resource utilization associated with the surgical correction of ASD, it is essential to identify, characterize, and quantify cost of complications to improve the safety and cost-effectiveness of patient care. Results from our review highlight the degree to which occurrence of complications or revision surgeries increase the overall costs associated with the management of ASD. While this literature review is by no means a comprehensive assessment of cost of spine surgery complications and its impact on the overall costs associated with ASD surgery, our intention was to present a broad overview on the effect that complications can have on the overall costs in the surgical treatment of ASD.
This systematic review has limitations. First, we did not have a strict operative definition of our keyword Bcomplication^and as a result included articles that reported cost metrics due to complications, AEs, or revision surgeries. Unfortunately, there is no consistent definition of Bcomplication^in the spine literature. The term complication is usually defined in the context of undesirable or unexpected events that occur intraoperatively or following surgery. In contrast, complication is also used to define reoperation that may occur weeks to months following the primary surgery. Dekutoski et al., in a systematic review of 22 articles on spine surgery, defined complication as Ban unintended and undesirable diagnostic or therapeutic event that may impact the patients' care^ [35] . A standardized definition of complication that takes into consideration a patient's comorbidities and the severity of the complication need to be adopted across institutions for an unbiased estimation and comparison. Second, the majority of the studies included in our review were retrospective, relying on data obtained from administrative databases. Due to the inherent lack of systematic and methodological rigor behind construction of administrative databases [36] , it is challenging to use them in epidemiologic and health services research and consequently draw valid and reliable conclusions. Third, because of wide discrepancy in how each study reported complications costs, we could not determine a pooled estimate of a specific complication cost.
Conclusions
Complications related to ASD surgery affect both clinical outcomes and health care costs. In addition to being associated with poorer clinical outcomes, complications can increase hospital and societal costs. Increased hospital costs are a result of additional diagnoses, treatments, and length of stay, while, increases in societal cost may be reflected in loss of productivity, out-of-pocket expenses, and outpatient visits. Needless to say, our results demonstrate that complications impose a substantial clinical and financial burden on health care delivery. It is crucial to quantify the cost of specific complications associated with ASD surgery so that health care providers can optimize patient outcomes and control escalating health care costs associated with management of ASD.
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